Background. For a given prevalence of Loa loa microfilaremia, the proportion of people with high densities varies significantly between communities. We hypothesized that this variation is related to the existence of familial clusters of hypermicrofilaremic individuals that would be the consequence of a genetic predisposition to present high L. loa microfilarial densities.
Loiasis (Loa loa filariasis) is restricted to central Africa where it is transmitted by tabanids belonging to the genus Chrysops. At least 10-13 million people might be infected by L. loa [1] . Loa loa hampers the implementation of mass drug administration (MDA) against onchocerciasis and lymphatic filariasis in central Africa because ivermectin, the drug used as part of these MDA programs, can induce severe adverse events (SAEs) in individuals presenting >30 000 L. loa microfilariae per milliliter of blood (mf/mL) [2] . When onchocerciasis control activities aimed at eliminating the disease as a public health problem, MDA was limited to areas mesoendemic and hyperendemic for onchocerciasis, including loiasis-coendemic areas where the benefit of MDA was considered to outweigh the risk of SAE. However, in 2012, the World Health Organization decided to target the elimination of onchocerciasis by 2025 [3] . This new objective requires also treating areas that are hypoendemic for onchocerciasis, including those where loiasis is also present. In these coendemic settings, the risk of SAEs outweighs the benefit for the community, and standard MDA needs to be replaced by alternative treatment strategies.
A potential and operational approach would be to classify every single community according to the level of risk that an SAE occurs, and to conduct MDA only where this risk is deemed acceptable. It is known that, at the community level, the proportion of individuals harboring microfilarial densities above the SAE risk threshold is positively correlated with the prevalence of L. loa microfilaremia. The latter indicator has been measured in hundreds of communities and can be predicted from environmental data using mathematical modeling [4] . However, the results of field surveys also show that, for a given prevalence of L. loa microfilaremia, the proportions of individuals harboring microfilarial densities above the SAE risk threshold vary significantly between communities [5] [6] [7] [8] [9] .
At the individual level, the factors associated with the presence or the intensity of L. loa microfilaremia are poorly understood. Age, sex, or exposure to Chrysops bites have not been identified as predictors of high-grade microfilaremia [10, 11] . Considering that a genetic predisposition to be microfilaremic
for L. loa likely exists [12] , we hypothesized that the individual level of L. loa microfilaremia is also genetically driven, which would explain the existence of familial clusters of hypermicrofilaremic individuals in some communities. To test this hypothesis, a population-based family study was conducted in a L. loa-endemic area of central Cameroon.
METHODS

Study Site
The study was performed in the Okola Health District, a degraded forest area located at 20 km from Yaoundé that is highly endemic for loiasis and hypomesoendemic for onchocerciasis [1] . An exhaustive census of the population was conducted in June 2015 in 91 villages during which individual information (name, sex, age) was collected and unique identifiers were attributed to each household.
Collection of Microfilaremia Data
The present investigation was carried out as part of a study conducted in August-October 2015 to evaluate the feasibility and efficiency of a "test and treat" (TNT) strategy to safely distribute ivermectin in loiasis-endemic areas. To this end, L. loa microfilaremia was measured in all individuals aged ≥5 years. Blood was collected by fingerprick between 10:00 am and 4:00 pm, and L. loa microfilaremia was measured using both an automated device, the "LoaScope, " which provides the microfilaremia 2-3 minutes after blood collection [13] , and the standard microscopic examination of a 50-μL Giemsa-stained thick blood smear. All L. loa and Mansonella perstans microfilariae present in the smear were counted. A total of 16 205 people living in 91 villages participated in the TNT study.
Selection of Villages to Assess the Familial Susceptibility Associated With L. loa Microfilarial Density
The prevalence of L. loa microfilaremia in the 91 communities surveyed ranged between 4.9% and 35.7%. To maximize the number of pairs of relatives with L. loa microfilaremia, the collection of additional familial information was restricted to those people living in villages where the L. loa microfilarial prevalence was >25%, and where >100 subjects were examined in 2015. In the 10 villages meeting these criteria (Ebot, Ekekam 3, Koudi, Ngoas, Nkongmessa, Ozom 2, Metak, Nkonkadak, Oban 1, and Tikong), 1376 people had been recorded during the TNT census, and 1126 individuals aged ≥5 years (distributed across 402 households) had been tested in 2015.
Collection of Information on Familial Relationships (May-June 2016)
Village authorities were asked to provide the names of the parents and siblings of each of the 1126 participants in the TNT campaign. For each of them, familial relationships were built for first and second degrees of kinship. When village authorities were indecisive regarding familial relationships, clarification was obtained by questioning the family and household members. Additional virtual ("dummy") family members (relatives who were dead or absent from the TNT database and whose L. loa microfilaremia was thus unknown) were created to attribute the familial relationships between members with a known infection status. As no phenotypes are associated to these dummy individuals, they do not contribute to parameter estimations and have no impact on the analysis outcome. The pedigree charts were constructed using the Kinship2 package of R software.
Statistical Analysis
Dependent and Explanatory Variables
Each individual was characterized by a qualitative phenotype (microfilaremic vs amicrofilaremic), hereafter noted as MF, and a quantitative phenotype (individual microfilarial density [MFD] , expressed in mf/mL). Both phenotypes were treated as dependent variables in the statistical analyses. The thick blood smear results were used for the analyses. Explanatory variables included age 5-15, 16-30, 31-45, 46-60, and >60 years), sex, M. perstans microfilaremia (absence vs presence), and ethnic group (Eton, representing 87.5% of the population, vs others).
Patterns of Intrafamilial Correlations
Residual trait values obtained from saturated mixed multivariate regression models were calculated using Stata version 12.1 software (StataCorp, College Station, Texas). For the quantitative trait, goodness-of-fit of linear and several count models (Poisson, binomial, negative binomial) were compared using Akaike and Bayesian information criteria. The selected model was the negative binomial model with a random effect on the household. For the binary variable, a mixed logistic model saturated with the household as a random effect was used. Then, to respect the normality assumption of the traits (according to the Kurtosis criterion), a log transformation was applied to the quantitative trait, whereas no transformation was needed for the qualitative trait.
Then, intrafamilial correlation coefficients were estimated using the pairwise weighting scheme for all available pairs of relatives using the program FCOR from the SAGE version 6.3 (Statistical Analysis for Genetic Epidemiology) software package [14] . The residual trait values obtained previously were used as the phenotypic trait.
Heritability
Heritability estimates (h 2 ) were calculated using a variance components method as implemented in the SOLAR (Sequential Oligogenic Linkage Analysis Routines) package, which simultaneously utilizes data of all family relationships [15] . This method applies maximum likelihood estimation to a mixed-effects model that incorporates fixed effects for known covariates and variance components for genetic and environmental effects. The genetic component is assumed to be polygenic with no variation attributable to dominance components. In each model, a possible shared effect related to the household was included as an additional variance component under the form of a Boolean matrix. Covariates with P values ≤.20 were retained in the final model. Heritability of a phenotype was estimated as the ratio of additive genetic variance to the total phenotypic variance unexplained by covariates. Estimates of the means and variances of components of the models were obtained by maximum likelihood methods, and significance was determined by likelihood ratio tests.
A liability threshold model was used for the binary trait (presence vs absence of L. loa microfilaremia, MF) and the option "EnableDiscrete" was used to circumvent convergence errors due to discrete trait. To account for the normality assumption of the traits, a log transformation for the quantitative trait was applied (no transformation was needed for the qualitative trait). The normality criterion was based either on a residual kurtosis <0.8 (for MFD trait) or on the Kullback-Leibler R 2 results
(for MF trait). Finally, the same analyses were performed including only individuals from the Eton ethnic group to assess the potential influence of ethnicity on estimated parameters. Analyses including only non-Eton people were not performed because the small number of individuals in each non-Eton ethnic group precluded making reliable statistical inferences.
RESULTS
Study Population and Descriptive Results
A total of 1126 subjects for whom full demographic and phenotypic data were available, as well as 1317 additional dummy individuals generated to build the familial relationships, were included in the pedigree construction. The 1126 subjects included 578 males (51.3%) and 548 females (48.7% with >8000 mf/mL and >30 000 mf/mL did not differ significantly between villages (P = .932, P = .912, and P = .626, respectively). The overall prevalence of M. perstans microfilaremia was 4.8%. Table 1 shows the prevalence of L. loa microfilaremia, the proportions of subjects with >8000 L. loa mf/mL and >30 000 L. loa mf/mL, and the mean L. loa microfilarial density in microfilaremic subjects in each age, sex, M. perstans, and ethnic category. The prevalence of L. loa microfilaremia and the proportion of subjects with >8000 mf/mL increased significantly with age (P < .001 and = .001, respectively). The latter proportion was significantly higher in males (P = .020), and individuals with M. perstans were more often L. loa microfilaremic (P < .001) and had higher MFD (P < .001).
Pedigree Data
Reconstruction of family relationships resulted in 499 distinct pedigrees, with an average of 8.3 individuals per pedigree Other ethnic groups recorded were Ewondo (7.5%), Manguissa (0.5%), and other (Bassa, Bamiléké, or Maka; 4.5%).
(median, 7 [IQR, [3] [4] [5] [6] [7] [8] [9] [10] [11] ). Among the 1126 individuals with full demographic and phenotypic data, we identified 556 pairs of parent-offspring, 481 pairs of siblings, and 339 pairs of second-degree relatives (Table 2) .
Familial Correlation Analysis
Regarding the qualitative phenotype (MF), intrafamilial correlation coefficients were low, and many of them were not significant (Table 3) . Coefficients were 0.08 for both the first-and second-degree relatives (P < .05 and not significant, respectively). Among the first-degree relatives, only the following correlation coefficients were significant: ρ parent-offspring = 0.15 (P < .01), ρ mother-son = 0.19 (P < .05), and ρ mother-daughter = 0.21 (P < .05). Estimates for the Eton population were similar to those obtained in the total population. Most familial correlation coefficients for intensity of L. loa microfilaremia were high and highly significant. The correlation coefficient between first-degree relatives was slightly higher than that between second-degree relatives (ρ first-degree = 0.36, P < .001; and ρ second-degree = 0.27, P < .001). Regarding the first-degree relatives, the mother-daughter coefficient was the highest (ρ mother-daughter = 0.57, P < .001) and the father-daughter coefficient was the only one not significant (ρ father-daughter = 0.19). In the Eton subpopulation, the coefficients were approximately 20% higher than in the total population. Coefficients for firstand second-degree relatives were 0.44 and 0.32, respectively (P < .001 for both).
Heritability
Heritability estimates (h 2 ) were significant for both MF and MFD traits (Table 4 ). In the total population, heritability estimates were 0.23 (P = .004) and 0.24 (P = .003) for MF and MFD, respectively. As for the intrafamilial correlation, heritability estimates for the Eton population were slightly higher (by ~15%) than those obtained in the total population: 0.26 (P = .013) and 0.28 (P = .002) for MF and MFD, respectively. The household effect was estimated to be near zero and nonsignificant in all tested models. 
DISCUSSION
This study demonstrates for the first time the existence of a genetic component associated with individual L. loa microfilarial density. This phenomenon can result in the existence of familial clusters of hypermicrofilaremic people and explain why the proportion of individuals harboring >30 000 L. loa mf/mL can markedly vary across villages with a given microfilariae prevalence. This should certainly be taken into account as part of the ongoing mathematical modeling studies to predict the proportion of individuals at risk of SAEs in areas where loiasis coexists with hypoendemic onchocerciasis [9] . Our study confirms the familial susceptibility to be microfilaremic (h 2 = 0.23) demonstrated in previous studies [12] . The correlation coefficients for the MF phenotype in mother-son and mother-daughter pairs were much higher than those found for pairs including the father. This result is consistent with previous findings indicating that the probability for a child to be microfilaremic is higher when the mother is microfilaremic (0.30 vs 0.12 when the mother is amicrofilaremic) [12] . In both the study by Garcia and colleagues [12] and the present study, no significant association was found between father and child MF status, supporting a consistency in this phenomenon. A shared environmental factor between mothers and children (either in utero with a sensitization phenomenon or after birth) or a different phenotypic impact of maternal and paternal inheritance arising from genomic imprinting may explain this result. Further large-scale genetic studies conducted in families are needed to identify the specific genes and regulation processes involved.
Regarding the MFD trait, correlation coefficients among both first-and second-degree relatives (0.36 and 0.27, respectively), as well as the heritability estimate (0.24), were moderate but significant. Here again, the correlation varied according to the type of relationship, the highest intrafamilial correlation being found between mothers and daughters (0.57). The fact that these coefficients decrease from the first-to the second-degree relatives supports the existence of a genetic susceptibility to present a given microfilarial density. However, providing evidence of a familial aggregation of a trait and of its heritability does not demonstrate the existence of a genetic component [16] . Environmental and cultural influences may also lead to familial aggregation and the genetic component may be overestimated if the former are not properly taken into account [17] . This is the reason why we used multilevel models with a random effect on household, thus accounting for the fact that some people live in a shared environment. The household effect was very low and nonsignificant for both MF and MFD phenotypes. In addition, we did not find any difference between villages. These observations suggest that our estimates are likely reliable despite the lack of detailed information regarding possible environmental risk factors of infection, such as the degree of exposure to the Chrysops vectors [11] . This probably also indicates that individuals living in a same household have different activities in regard to Chrysops exposure. This lack of information regarding the individual risk factors constitutes a limitation of our study and could result in an overestimation of our heritability estimates. Further microepidemiological studies would help to answer this question.
The influence of genetic factors on blood parasitic density is not specific to loiasis. For example, it has been demonstrated that genetic factors would account for approximately one-quarter of Plasmodium density variation in children of a rural Ugandan community [18] . The existence of a genetic susceptibility modulating the worm burden has also been documented for several helminth species including Ascaris lumbricoides, Trichuris trichiura, Necator americanus, Schistosoma mansoni, and Schistosoma japonicum (assessed by the number of eggs in the stool) [19] [20] [21] [22] [23] [24] [25] or Wuchereria bancrofti (assessed by the microfilarial density) [26] . Heritability estimates calculated for the former species ranged between 0.20 and 0.50, whereas it was much higher (0.81) for W. bancrofti. Very few studies have been performed to date to investigate the genes underlying the genetic predisposition to these parasitic infections [27] , and genome-wide association studies are needed to identify the causal variants and better understand the regulation mechanisms controlling infection.
The correlation coefficient and heritability estimates were slightly higher when considering only the Eton subpopulation. A study conducted in the Republic of Congo suggested that the prevalence of L. loa microfilaremia (but not the microfilarial density) was higher in Bantus than in Pygmies living in the same environment [28] . The present study did not allow us to assess a possible effect of ethnicity on the susceptibility to L. loa infection because the number of subjects in each of the non-Eton groups was too low to perform appropriate statistical analyses. Further genetic studies on the predisposition to L. loa infection should probably include information on ethnicity. The familial relationships among members of a pedigree were carefully checked, but we cannot exclude the existence of some misattributed relationships, especially for father-offspring pairs resulting from extramarital relations. Although nonpaternity rates are generally low [29, 30] , they are more likely to lower than to increase estimates of genetic linkage [31] . Therefore, the possible presence of nonpaternity cases in our study sample may have led to underestimate heritability.
In conclusion, this study confirms previous results regarding the genetic predisposition to be microfilaremic for L. loa, and supports, for the first time, the predisposition to be highly microfilaremic. Further studies should be conducted to clarify the respective influences of environmental, ethnic, and individual risk factors on the familial susceptibility for microfilarial density. The main result of this study is the existence of familial clustering of highly microfilaremic individuals supporting, to some extent, the observed intervillage heterogeneity regarding the proportion of heavily microfilaremic individuals in a community. This should be considered as part of the development of sampling strategies aimed at evaluating the risk of ivermectin-related SAEs in communities where loiasis coexists with onchocerciasis. An optimal strategy might include a household-level sampling, as already suggested for Ascaris lumbricoides [32] , and a cluster 3-stage sampling design (including village , household, and individual levels) might be the most appropriate for each health district. The proportions of households by village as well as the number of individuals by household to be sampled need to be defined. Last, age and sex [33] , as well as individual microfilarial densities, should also be taken into account in the analyses. 
